A special methionine tRNA (tRNAJ is universally required to initiate translation. Amongst species a tRNAI structural conservation is most apparent in the anticodon and T arms of the molecule but extends into the variable loop and the 3' strand of the D stem. This suggested that they could share a similar ancestral or current function in initiation of translation. We report that the sequence of bases neighboring the translational start codons of many eubacterial genes are complementary not only to the extended anticodon but also to the D and T loops of tRNA1. Study of the coding properties of tRNAI and of mutations that affect translation suggests that the translational start domain can be a mosaic of signals complementary to the loops of tRNA1. The hypothesis of multiple loop recognition suggests that unusual triplets can start prokaryotic and mitochondrial genes and predicts the occurrence of other reading frames. Furthermore, it suggests a unifying model for chain initiation based on RNA contacts and displacements.
tRNAI structural conservation is most apparent in the anticodon and T arms of the molecule but extends into the variable loop and the 3' strand of the D stem. This suggested that they could share a similar ancestral or current function in initiation of translation. We report that the sequence of bases neighboring the translational start codons of many eubacterial genes are complementary not only to the extended anticodon but also to the D and T loops of tRNA1. Study of the coding properties of tRNAI and of mutations that affect translation suggests that the translational start domain can be a mosaic of signals complementary to the loops of tRNA1. The hypothesis of multiple loop recognition suggests that unusual triplets can start prokaryotic and mitochondrial genes and predicts the occurrence of other reading frames. Furthermore, it suggests a unifying model for chain initiation based on RNA contacts and displacements.
An unresolved and perhaps universal issue about the genetic code is the ambiguity of the initiator codon AUG (and occasionally UUG and GUG), which not only specifies initiation of a polypeptide but also codes for internal amino acids. These codons also occur randomly, out of phase, in mRNAs. A unique secondary or tertiary structure of the messenger could specify initiation, but such a structure has not been observed in most mRNAs examined (1, 2) . In prokaryotes, the specificity of initiation relies partially on recognition of regions complementary to 16S rRNA (the Shine-Dalgarno or SD region) (3) . Sequence analysis and biochemical and genetic data support this hypothesis (1) (2) (3) (4) . However, (i) other nonstart regions in mRNAs also complement the 16S rRNA (2, 5) , (ii) no simple correlation exists between the degree of complementarity with the 16S rRNA and the efficiency of translation (2), (iii) at least 10 normal Escherichia coli proteins lack this region in the prestart sequence (2, (6) (7) (8) (9) (10) (11) , and (iv) most eukaryotic mRNAs lack such signals and instead frequently initiate synthesis at the AUG closest to the 5' terminus (12) . A S'-terminal 7- methylguanine is essential for the efficient initiation of many of these mRNAs, but, as with the SD region, it is not always sufficient or necessary (12) . Certain eukaryotic mRNAs have long leader sequences (see ref. 13 for examples) where the translation apparatus must recognize the start site amidst many nonstart and out-of-phase homonymous triplets.
We have, therefore, searched for the one reactant for initiation that has both constancy through evolution and flexibility in recognizing the variety of observed start signals. We propose it to be initiator tRNA (tRNAj; frequently referred to as tRNAf) and suggest that a variety of interactions between it and mRNA may underlie much of the specificity of initiation.
Evolutionary Conservation and Special Features of tRNA1
Structure A special methionyl-tRNA is universally required to initiate protein synthesis (14) . Phylogenetic studies and heterologous aminoacylation, formylation, and translation experiments indicate that initiators are the most highly conserved family of tRNAs (15) (16) (17) . tRNAs, from eubacteria (including chloroplasts) have remarkable sequence invariance (18, 19) .
The hypothesis that the anticodon and T arms emerged from an internal duplication in an ancestral tRNA molecule has been proposed by Woese (20) .
This high degree of tRNAj sequence conservation suggests that initiation of protein synthesis may exhibit similar features in eubacteria and eukaryotes.
Features of tRNAj other than the anticodon loop could be important in discriminating initiation signals. For example, there are subtle differences in tertiary structure of the unpaired regions ofE. coli tRNAj and yeast tRNAPhe (21, 22) .
Other features distinguishing initiators from elongators are as follows: (t) The absence of modified bases in the anticodon loop that could permit additional pairing. (ih) The D loop contains only one dihydrouridine, leaving seven nucleotides around the CCU region available for pairing. These have been shown to bind complementary oligonucleotides (23) .
(iiM) T and V residues pair as uridine, allowing potential pairing of seven bases in the T loop.
The natural tertiary link between the T and D loops can be disrupted by the codon-anticodon association, making the loops available for intermolecular contacts (24 (Fig. 1) .
Occurrences of the various signals at positions on the mRNA consistent topologically with an interaction with tRNA, (D or T loop at positions -25 to -7 or +7 to +25 and A signal, including the anticodon) were counted. The totals were compared by the x2 test with expected values that were calculated from the proportions of nucleotides in the library on the null hypothesis ofrandom nucleotide distribution: E = PT, in which E is the expected number of matches in the total T of sequences, and P is the probability of matching at least one of the signals of length n or more somewhere in the range (k, 1) of permitted start positions for one sequence. To calculate P we first obtained values for Pi, i = 1 to n, the probability of finding a pairing nucleotide at a given location. These Pi values were calculated on the assumption ofrandom distribution of the nucleotides in the library. Given the Pi, we calculated [j=lf i=l ) in which m is the number of sequences in the library.
The data were compared to 268 71-nucleotide prokaryote sequences that were centered on matching in-frame AUG or GUG codons in the coding portions of different mRNAs. A similar comparison was made of 119 eukaryote start domains and 119 matching internal sequences.
Prokaryote Signals: SD Interactions Many prokaryote gene starts had SD signals (P = 3.08 x 10-8 for five base pairs or more). By contrast (Table 1) , the prokaryotic internal sequences displayed a marked avoidance of the SD signal on the 5' side of internal AUG codons. This avoidance was absolute for pairings of six nucleotides or more, and the numbers of length -5 (P = 3.75 x 10-) and length -4 (P = 1.31 x 10-6) matches were well below those predicted under the random distribution hypothesis. Nine (2, 6, 9) . D Signal. In prokaryotes, the 5' and 3' D signals were found in both the start and the internal sequences. D signals peaked at -13 and + 15 (cf. Fig. 1 ) in the start sequences but were scattered uniformly in the internal sequences. This discrete distribution was observed even though there were no more D signals in the relevant areas (7 through 24) of the start regions than would be expected if chance governed the nucleotide distribution.
T Signal. The T signal, on the other hand, was significantly more common in the prestart region (P = 3.04 x 10-7 for six bases) than in the internal coding region (P = 0.84 for six bases) ( Table 1) . Though relatively scarce, several very strong (seven-to eight-base-pair) T signals were observed at position 12 of start sequences. A rough correlation was observed between the abundance of gene products and the length of the T signal-e.g., tsf, rplJ, rplL, and the tufA and tufB cistrons are coordinately transcribed (25) , but only the last three messages have a long T signal. The coat protein cistrons are the best expressed RNA phage genes (1) and are the richest in T loop complementarity. A sequence complementarity of the phage Qf8 coat protein and the T loop was noted by Gupta et al. (26) .
Given these results, an identical distribution and statistical analysis of 119 eukaryotic sequences was carried out. These preliminary data are summarized below.
Eukaryote Signals: SD Interactions
Polypyrimidine tracts abound in the 5' prestart region of the eukaryotic genes examined. Some of these tracts have been assigned as points of potential contact with the 3'-UAGGAAGGCGU-5' region of 18S rRNA (27) , but they do not occur with statistical significance in 119 genes examined (data not shown and ref. 28) .
A Signal. A significant number of four-base-pair A signals were observed. Seventy percent of the sequences started with AUGG, the tetranucleotide complementary to the 5' extended anticodon of tRNA&, whereas only half the predicted number of spurious A signals appeared within internal sequences (P 3 x 10' for four nucleotides or more).
Unlike the case in prokaryotes, the 5' A signal does not occur with significant frequency. We note that Et base modification ofthe eukaryotic tRNA1 (A to N-[(9-f3-D-ribofuranosylpurine-6-yl)carbamoyl]threonine) located 3' to the anticodon may restrict the latter from base pairing (29) , precluding an A signal.
T Signal. The T signal does not seem significant in the eukaryotic sequences examined. Again, the T loop of vertebrate tRNA1 contains 1-methyladenosine rather than A. The modification would weaken the base-pairing interactions.
Pror. Natl. Acad. Sci. USA 82 (1985) mRNA sequences of 71 nucleotides, 268 centered on initiator codons (Start) and 268 centered on internal codons of the same sequence (Internal), were examined with the aid of a computer program. The program identified regions capable of pairing the extended anticodon, the D loop, the T loop, and the SD sequence. Pairing between G and U was allowed. Complementarity of contiguous pairs was sought in parts of the sequence, the locations of which were specified relative to the 5' nucleotide of the control codon with position numbers increasing from 5' to 3'. The probability of finding such a complementarity within the specified range, on the assumption of a random distribution of nucleotides about the central codon, appears for each signal in P rows. These probabilities take into account the different frequencies of occurrence of the nucleotides in start and internal sequences. The number of sequences expected (Exp.) to possess the sought-for complementarity is compared with observed values (Obs.) by the y2 test. Probabilities below 1% are considered to give reasonable support to rejection of the null hypothesis.
For start sequences, 17,959 nucleotides were searched, of which 5344 were A, 3731 were C, 4687 were U, and 4197 were G. For internal sequences, 18,957 nucleotides were searched, of which 4724 were A, 4442 were C, 4763 were U, and 5028 were G. D Signal. For the 119 eukaryote starts, the 5' D signal was the only one found in significant numbers (P = 1.11 x 10-4 for six nucleotides or more).
The fact that eukaryotic start domains conserve D and 3' A signals suggests that these sequences may underlie a primitive mechanism for the initiation of protein synthesis. Alternatively, these signals could transiently interact with the tRNAj during the earliest stages of translation, favoring the association of the active ribosome complex. Observations outlined below support this hypothesis.
Coding Properties of tRNAj
In prokaryotes, AUG, GUG, UUG (2, (30) (31) (32) (33) (34) (35) , and, in one gene, AUU (36) function as initiator codons in vivo. In vitro both GUG and AUG code for fMet-tRNA. Surprisingly, tRNAj binds to ribosomes with poly(U), but not poly(A), and the complex so formed can be chased into fMet-(Phe)n (37) .
The poly(U) coding can be explained by interactions of the T loop with UUU in the mRNA. Remarkably, the isolated anticodon of tRNA1 binds to both AUG and GUG, while fragments of tRNAj containing the T and anticodon arms bind UUG (38) . Thus, the T signal in the fragment could have paired with UUG acting as an anticodon.
Jay et al. reported that prokaryotic initiation complexes programmed with d(AATTCTAGGATTTAATCCATG) and d(AATTCTAGGATTTAATC) stimulated binding of fMettRNA equally well (39) . This suggests that fMet-tRNA can bind through the T signal (overlined) contained in both polymers, even when the ATG (underlined) is changed to ATC. In addition, the T loop is the only tRNA, region able to bind to AUU, the start of the initiation factor 3 gene (36 (40) (41) (42) (43) . Furthermore, UUAUG is the most efficient pentanucleotide (40) . UAUG or UUAUG could pair with the CAUAA anticodon of tRNAj. Thus, an extended anticodon could be used for gene start designation (40) (41) (42) (43) (44) . Table 2 shows that a number of prokaryotic genes begin with UUG and one starts with AUU (30) (31) (32) (33) (34) (35) (36) . In each case, four or more bases complement the T loop of tRNAj. Quite (36) , and mitochondrial genes (46-48) (URF, unassigned reading frame).
remarkably, several mitochondrial genes begin with AUA, UAA, or AUU (46) (47) (48) , and each exhibits up to six bases of complementarity with the T loop of the mitochondrial tRNAj (see Table 2 for examples).
Prokaryotic Mutants Defective in A, D, and T Signals
A number of mutations whose effects on translation have remained unexplained can be rationalized in terms of the proposal that signals complementary to tRNAj modulate initiation. Several that alter the initial AUG abolish translation as expected (2, (49) (50) (51) . However, at least four mutants of this type do not shut off protein synthesis completely: Q,3 coat protein (41) , trpE (49) , T4 rIIB (52, 53) (see Table 3 ), and lacZ (54, 55) . In these the AUG codon is changed to AUA, resulting in lower but significant initiation at the correct site, consistent with the use of an extended anticodon (40) (41) (42) (43) (44) .
Recent experiments by Munson et al. (54) suggest that, depending on the base-pairing potential of the translational start domain, when two AUGs occur in the 5' prestart region, the one able to pair with the extended anticodon of tRNAj is the preferred start codon.
A second set of mutations affecting the SD interactions affect protein synthesis as expected. The sequences of some of these have been summarized by Gold et (Table 3 ) a two-base substitution from GAAA to GCCA increases expression (2) . Note that the underlined sequence can pair with the 16S rRNA while the overlined sequence cannot; CCA is part of the D signal (Table 3) . Similarly, in the lacZ gene, mutants affecting the D signal CAG alter lacZ expression (54) .
Other mutations between the SD domain and AUG (2, 55) have remained unexplained-e.g., changes in the his leader peptide of Salmonella typhimurium that alter the AUUU T signal decrease expression (Table 3) . Also, longer transcripts of galE, containing AUUUC, translate 4 times better than shorter transcripts lacking this sequence (56) . The GUUU (12) . Accordingly, in both eukaryotes and prokaryotes codon-anticodon association could be lengthened or absent altogether. Interactions of 16S rRNA could also occur (58) .
If these RNA-RNA contacts confer specificity, then there could be a mechanism for promoting or displacing them so that translation can continue. Reported interactions of the 5' end of the tRNAj with the 23S rRNA (59) or the 16S rRNA (58), or of the T arm of tRNAj with 16S rRNA (60) , could play such a role.
We propose that the association of fMet-tRNAi, 30S particle, and mRNAs may involve interactions with signals present in the latter, leading to many configurations, each dependent on the sequence of the message. The ability of such aggregates to reorganize into the proper configuration may determine the efficiency of initiation. The conversion could occur upon association of the ribosomal subunits, with 23S RNA displacing the mRNA from the lateral arms of fMet-tRNA,. An overall increase in pairing stability could drive such rearrangements. Thus, entering elongation would require energy. Consistent with this is the fact that peptide bond synthesis cannot occur when initiation complexes are formed with nonhydrolyzable analogues of GTP (61) . An additional function of initiation factors and ribosomal proteins could be to promote or destabilize RNA-RNA contacts. This could explain the necessity for initiation factor-2-catalyzed GTP hydrolysis in activation of ribosome-bound tRNAj (62) . Alternatively, an early mRNA-tRNAj interaction may occur independent of any proteins.
The model could be tested by analyzing the effects of judicious tRNAimodifications on the specificity and efficiency of protein chain initiation. 
